Anterior cruciate ligament (ACL) injuries are being diagnosed and treated more frequently in the skeletally immature population.^[@bibr30-2325967119872450]^ Historically, many of these patients were managed nonoperatively with activity modification, physical therapy, and bracing until they reached skeletal maturity, at which time an adult reconstructive technique was performed. Over the past 2 decades, there has been increased recognition that this delay in treatment may result in further meniscal and chondral damage.^[@bibr1-2325967119872450],[@bibr11-2325967119872450],[@bibr17-2325967119872450],[@bibr21-2325967119872450],[@bibr23-2325967119872450],[@bibr24-2325967119872450]^ As a result, there has been an increasing trend toward early reconstruction in this patient population.^[@bibr3-2325967119872450],[@bibr7-2325967119872450]^

Several graft options have been described and are currently utilized in the management of skeletally immature patients with complete ACL tears, including the hamstring tendon, the quadriceps tendon, the iliotibial band, and various soft tissue allografts.^[@bibr2-2325967119872450],[@bibr14-2325967119872450][@bibr15-2325967119872450]--[@bibr16-2325967119872450]^ While each graft has certain advantages and disadvantages, there are no clear indications in the literature as to which approach is optimal for skeletally immature patients. The purpose of the current study was to compare clinical outcomes and complications of skeletally immature patients undergoing transphyseal ACL reconstruction with either a hamstring tendon autograft or a quadriceps tendon autograft. We hypothesized that both surgical techniques would provide good functional outcomes with high rates of return to sport and low rates of graft failure and physeal injuries.

Methods {#section1-2325967119872450}
=======

After institutional review board approval was obtained, a retrospective study was performed on skeletally immature patients undergoing primary ACL reconstruction using a transphyseal technique with a hamstring tendon autograft or a quadriceps tendon autograft. Inclusion criteria were patients undergoing surgery between December 2012 and October 2016 with preoperative imaging confirming open growth plates and who had a minimum follow-up of 2 years or documented graft failure before the 2-year mark. Patients who underwent multiligamentous knee reconstruction as well as those with a congenital absence of the cruciate ligaments were excluded. Preoperative demographic variables were recorded, including patient age, sex, weight, body mass index, sport of injury, and mechanism of injury. The mechanism of injury was classified as contact, noncontact, or device-associated. Preoperative images including all radiographs and magnetic resonance imaging (MRI) scans were reviewed to confirm the open growth plate status. Additionally, bone age was calculated using either a left-hand radiograph with the Greulich and Pyle^[@bibr10-2325967119872450]^ atlas or a preoperative MRI scan with the knee MRI bone age atlas.^[@bibr25-2325967119872450]^ Concomitant collateral ligament injuries and posterior cruciate ligament injuries were documented based on preoperative MRI and examinations. Intraoperative data points included the presence of a meniscal or chondral injury and any subsequent treatment, graft choice (hamstring tendon autograft vs quadriceps tendon autograft), graft diameter (mm), and whether the autograft was supplemented with a soft tissue allograft.

Surgical Technique {#section2-2325967119872450}
------------------

###  {#section21-2325967119872450}

#### Patient and Graft Selection {#section3-2325967119872450}

Three pediatric trained orthopaedic surgeons from a single institution (A.T.P., H.G.C., E.W.E.) performed all of the surgical procedures. The typical indication for transphyseal ACL reconstruction was a male patient with open growth plates and a bone age between 13 and 15 years or a female patient with open growth plates and a bone age between 11 and 13 years. In younger patients with significant skeletal growth remaining, the study institution utilizes either an all-epiphyseal technique or iliotibial band extra-articular/intra-articular reconstruction. These younger patients were excluded from the analysis to provide more uniform study groups with a standardized surgical technique. Initially in the study period, all 3 surgeons exclusively used hamstring tendon autografts for transphyseal ACL reconstruction. In April 2014, one surgeon (A.T.P.) converted to quadriceps tendon autografts for all transphyseal ACL reconstructions. The rationale for this surgeon's change was the belief that the quadriceps tendon would yield a consistently larger graft (compared with the hamstring tendon) in the pediatric population and would avoid harvesting the hamstring tendons that are known dynamic stabilizers of the ACL.^[@bibr8-2325967119872450],[@bibr13-2325967119872450],[@bibr22-2325967119872450]^

#### Surgical Procedure {#section4-2325967119872450}

A similar technique was utilized for all patients. The patient was placed supine on the operating room table. After the ACL tear was confirmed with an examination under anesthesia and/or arthroscopic evaluation, the hamstring tendon or quadriceps tendon was harvested. In cases in which the hamstring tendon was used, both the gracilis and the semitendinosis tendons were harvested and prepared as a quadrupled graft. If the quadrupled graft measured less than 7 mm in diameter, it was frequently augmented with an allograft.^[@bibr26-2325967119872450]^ All of the allografts came from a single vendor who utilizes the Allowash terminal sterilization process (LifeNet Health), including detergents, antibiotics, alcohol, peroxide, and multiple water rinses, followed by low-dose radiation ranging from 0.9 to 1.3 Mrad (AlloSource). In cases in which the quadriceps tendon was used, a partial- or full-thickness segment of the quadriceps tendon was harvested to provide a graft 8 to 10 mm in diameter and 7 to 8 cm in length. No bone plug was taken from the patella at the time of quadriceps tendon harvest. All grafts were sized using a slotted sizing block (Smith & Nephew) to the nearest 0.5 mm. At the time of arthroscopic surgery, any cartilage or meniscal abnormality was documented and treated accordingly.

The femoral and tibial tunnels were both drilled slightly more vertical than for a typical ACL reconstruction procedure in a skeletally mature patient (femoral guide setting, 115°; tibial guide setting, 60°), but every attempt was made to keep the tunnel apertures within the ACL footprint. The femoral tunnel was drilled using an outside-in approach with a reverse cutting guide (Arthrex).^[@bibr26-2325967119872450]^ Regardless of the graft choice, the graft was secured on the femur first with a cortical suspensory device (TightRope \[Arthrex\] or Endobutton CL Ultra \[Smith & Nephew\]). For the hamstring tendon grafts, the tendons were looped around the suspensory fixation device, and the free ends were whip-stitched with high-strength No. 2 nonabsorbable suture. For the quadriceps tendon grafts, both ends of the graft were whip-stitched with high-strength No. 2 nonabsorbable suture. The suture from 1 end of the graft was then sutured around the Endobutton device, creating a 10-mm closed loop ([Figure 1](#fig1-2325967119872450){ref-type="fig"}).

![(A) Quadrupled hamstring tendon autograft with a suspensory fixation device. (B) Quadriceps tendon autograft fixated to a suspensory fixation device using high-strength No. 2 nonabsorbable suture. Images courtesy of SD PedsOrtho.](10.1177_2325967119872450-fig1){#fig1-2325967119872450}

Fixation was then achieved on the tibia with either a biocomposite interference screw, a screw and post (Synthes or Arthrex) if there was not adequate room within the tibial tunnel to accommodate a screw, or a combination of the 2 if interference screw fixation was felt to be inadequate ([Figure 2](#fig2-2325967119872450){ref-type="fig"}). The decision for tibial fixation was made based on intraoperative fluoroscopy or by placing the arthroscope up the tibial tunnel and measuring the tunnel length from the tibial cortex to the physis. If this length was ≥23 mm, a biocomposite screw was used. If this distance was less than 23 mm or if the screw had limited purchase on the graft, a screw and post was used instead or added to the construct.

![(A, B) Schematic drawing in the coronal and sagittal planes demonstrating the transphyseal technique utilized by our institution. (C, D) Anteroposterior and lateral views demonstrating the transphyseal technique with slightly vertical tunnels and a screw and post for tibial fixation. Images courtesy of SD PedsOrtho.](10.1177_2325967119872450-fig2){#fig2-2325967119872450}

Postoperative Protocol {#section5-2325967119872450}
----------------------

Postoperatively, all patients were allowed immediate motion of the knee and were kept toe-touch weightbearing for 1 week. Formal therapy was initiated at that time. A running progression was started 3 months after surgery, and patients were allowed to return to sport 6 to 12 months after surgery if they passed a return-to-sport test (see the [Appendix](#app1-2325967119872450){ref-type="app"}).

Patient outcomes were obtained at a minimum 2-year follow-up unless the patient underwent revision ACL reconstruction, in which case outcome scores were not obtained. Outcome measures included patient satisfaction (0-10), the Single Assessment Numeric Evaluation (SANE; 0-100), pain (0-10), the Lysholm score, and the Tegner activity score. Complications were also documented, including graft failure, time to graft failure, need for subsequent surgical intervention, presence of an angular deformity greater than 5° compared with the contralateral extremity, or leg length discrepancy of greater than 10 mm compared with the contralateral extremity. These measurements were typically performed with a long-leg alignment film using a digital measuring device from our MERGE PACS system (Watson Health Imaging). If a family or surgeon deferred the long-leg alignment film for radiation exposure concerns, these measurements were made clinically with the patient in the prone position. Subsequent contralateral ACL tears were also recorded. Graft failure and contralateral ACL tears were confirmed when both the patient's physical examination findings (positive Lachman and pivot-shift test results) and the MRI findings were consistent with a complete rupture of the native ACL or graft.

Statistical Analysis {#section6-2325967119872450}
--------------------

Statistical analysis was performed to evaluate any differences in outcome scores or complications between the quadriceps tendon grafts and hamstring tendon grafts. Continuous dependent variables were checked for normality and homogeneity of variances. If neither assumption was violated, analysis of variance was utilized to compare means between groups. If one or both assumptions were violated, the nonparametric Mann-Whitney *U* test was utilized. The chi-square or Fisher exact test was used to compare categorical variables. All statistical analyses were performed using SPSS v24 (IBM), and alpha was set at *P* \< .05 to declare significance.

Results {#section7-2325967119872450}
=======

Between December 2012 and October 2016, 90 ACL reconstructions (62 hamstring tendon and 28 quadriceps tendon) were performed at our institution in the skeletally immature population that met the inclusion criteria. Of these patients, 83 (92%) had a minimum follow-up of 2 years or had documented graft failure before this point. The mean age of the cohort was 14.8 ± 1.4 years, and the mean bone age was 14.6 ± 1.1 years. The majority of the patients were male (69%), and most of the injuries were sustained while playing soccer or football (71%), with noncontact being the most common mechanism of injury. There were no significant differences in preoperative, radiographic, or surgical variables between the quadriceps tendon or hamstring tendon groups (*P* \> .05), except that the quadriceps tendon grafts were larger than the hamstring tendon grafts (9.6 mm vs 7.8 mm, respectively; *P* \< .001) ([Table 1](#table1-2325967119872450){ref-type="table"}).

###### 

Demographic, Injury, and Surgical Data for All 90 Patients Undergoing Transphyseal ACL Reconstruction*^a^*

![](10.1177_2325967119872450-table1)

                                  Hamstring Tendon (n = 62)   Quadriceps Tendon (n = 28)   *P* Value
  ------------------------------- --------------------------- ---------------------------- ------------
  Patient age, y                  14.8 ± 1.4                  14.8 ± 1.3                   .804
  Bone age, y                     14.6 ± 1.1                  14.4 ± 0.9                   .274
  Male sex, n (%)                 43 (69)                     19 (68)                      .887
  Body mass index, kg/m^2^        23.9 ± 5.7                  21.5 ± 3.2                   .065
  Weight, kg                      67.9 ± 18.0                 61.3 ± 11.3                  .163
  Mechanism of injury, n (%)                                                               .192
   Contact                        14 (22)                     9 (32)                       
   Noncontact                     32 (52)                     17 (61)                      
   Mechanized                     11 (18)                     2 (7)                        
   Not recorded                   5 (8)                       0 (0)                        
  Meniscal procedure, n (%)                                                                .526
   Debridement                    11 (28)                     6 (21)                       
   Repair                         18 (28)                     10 (36)                      
   None                           33 (44)                     12 (43)                      
  Chondroplasty, n (%)            1 (2)                       0 (0)                        .499
  Allograft augmentation, n (%)   5 (8)                       0 (0)                        .122
  Graft size, mm                  7.8 ± 0.7                   9.6 ± 0.6                    **\<.001**

*^a^*Values are reported as mean ± SD unless otherwise specified. Bolded values indicate significance (*P* \< .05). ACL, anterior cruciate ligament.

At a mean follow-up of 2.8 ± 0.9 years (2.9 ± 0.9 years for hamstring tendon group vs 2.4 ± 0.7 years for quadriceps tendon group), the mean patient satisfaction, SANE, and Lysholm scores for the entire cohort were 9.3 ± 1.1, 91 ± 11, and 95 ± 7, respectively. The mean postoperative Tegner activity score was 6.9 ± 1.9. There were no differences in outcomes based on graft choice. The rate of ACL graft failure did differ based on graft choice, with the quadriceps tendon grafts failing less frequently than the hamstring tendon grafts (4% vs 21%, respectively; *P* = .037). The hamstring tendon grafts failed at a mean time of 1.5 years (range, 0.5-3.2 years), whereas the 1 quadriceps tendon graft failure occurred at 2.5 years. Of the 5 hamstring tendon grafts augmented with an allograft, 1 failed at 6 months and had to be revised. With the numbers available in the cohort, graft diameter size was not significantly associated with ACL retears (*P* = .12). Contralateral ACL tears were similar between the groups and occurred in 12% of the entire patient cohort. No patient in either group had a documented leg length discrepancy greater than 10 mm or an angular deformity greater than 5° at final follow-up ([Table 2](#table2-2325967119872450){ref-type="table"}). There was no difference between the groups with respect to the need for a second procedure (*P* = .201). Six patients in the hamstring tendon group underwent an additional 9 procedures that were not revision ACL reconstructions, including 4 meniscal debridements, 1 meniscal repair, and 4 lyses of adhesions. Three patients in the quadriceps tendon group underwent 3 additional procedures that were not revision ACL reconstruction, including 1 removal of a tibial screw, 1 lysis of adhesions, and 1 synovectomy.

###### 

Outcomes and Complications for 83 Patients Undergoing Transphyseal ACL Reconstruction Who Had a Minimum Follow-up of 2 Years or Had Documented Graft Failure Before 2 Years*^a^*

![](10.1177_2325967119872450-table2)

                                  Hamstring Tendon (n = 56)   Quadriceps Tendon (n = 27)   *P* Value
  ------------------------------- --------------------------- ---------------------------- -----------
  Lysholm score                   94 ± 6                      96 ± 8                       .095
  Satisfaction (0-10)             9.2 ± 1.2                   9.6 ± 0.8                    .096
  SANE score (0-100)              89 ± 11                     93 ± 9                       .227
  Pain score (0-10)               0.9 ± 1.5                   0.6 ± 1.4                    .163
  Tegner activity score           7.1 ± 2.0                   6.6 ± 1.6                    .229
  Graft failure, n (%)            12 (21)                     1 (4)                        **.037**
  Time to graft failure, y        1.5 ± 0.9                   2.5 ± 0.0                    .900
  Growth abnormality, n (%)       0 (0)                       0 (0)                        N/A
  Contralateral ACL tear, n (%)   5 (9)                       5 (19)                       .270

*^a^*Values are reported as mean ± SD unless otherwise specified. Bolded values indicate significance (*P* \< .05). ACL, anterior cruciate ligament; N/A, not applicable; SANE, Single Assessment Numeric Evaluation.

Discussion {#section8-2325967119872450}
==========

Over 3 decades ago, Lipscomb and Anderson^[@bibr18-2325967119872450]^ described a transphyseal technique using the hamstring tendons to reconstruct the knees of skeletally immature patients with ACL injuries. Their report on 24 patients showed good functional outcomes with only 2 cases of recurrent instability and 2 cases of a clinically significant leg length discrepancy. Since this initial description, multiple other modifications of this technique have been described and reported with good outcomes.^[@bibr4-2325967119872450],[@bibr15-2325967119872450],[@bibr29-2325967119872450]^ To date, the most common complication of ACL reconstruction in skeletally immature patients continues to be graft failure. This rate varies in the literature but typically ranges from 10% to 25% in this younger population.^[@bibr20-2325967119872450],[@bibr27-2325967119872450],[@bibr28-2325967119872450],[@bibr31-2325967119872450]^ In the present study, we observed a similar failure rate of our hamstring tendon grafts of 21%.

Currently, it is not known whether this relatively high failure rate is intrinsic to this younger athletic patient population or innate to hamstring tendon grafts. Some authors have suggested that hamstring tendon grafts may be at an increased risk of failure because of their inconsistent and smaller size in the pediatric population.^[@bibr6-2325967119872450],[@bibr26-2325967119872450]^ In the current study, the hamstring tendon grafts averaged 7.8 mm in size, with 35% of grafts having a diameter ≤7 mm, and 8% of hamstring tendon grafts had to be augmented with an allograft. Another explanation for the higher failure rate may be that the hamstring tendons are important dynamic stabilizers of the ACL, and harvesting these tendons may predispose patients to graft failure.^[@bibr8-2325967119872450],[@bibr13-2325967119872450],[@bibr22-2325967119872450]^ For these reasons, there has recently been increased interest in alternative graft sources in this skeletally immature population.

The utilization of the quadriceps tendon as a graft source for ACL reconstruction is not a novel concept, with case reports dating back to the 1990s in the skeletally immature population.^[@bibr19-2325967119872450]^ Over the past 2 decades, however, there have been only a few studies reporting patient outcomes with this graft type. In 2006, Gebhard et al^[@bibr9-2325967119872450]^ performed a multicenter study, reporting on 40 skeletally immature cases, of which 12 used a quadriceps tendon autograft. While their reported outcomes were good, they pooled their data using multiple different techniques, making larger generalizations about the performance of the quadriceps tendon graft impossible. A second study in 2014 by Kohl et al^[@bibr16-2325967119872450]^ reported on 15 patients with a mean age of 12.8 years who had undergone a transphyseal technique with a soft tissue quadriceps tendon autograft. At a mean follow-up of 4 years, the study\'s authors documented a mean Lysholm score of 94 with no traumatic reruptures and 1 case of valgus deformity.

In the current study, good outcomes were achieved in the quadriceps tendon group with mean SANE, Lysholm, and satisfaction scores of 93, 96, and 9.6, respectively. The quadriceps tendon grafts had a consistently larger diameter than the hamstring tendon grafts (9.6 vs 7.8 mm, respectively; *P* \< .001), which equates to a cross-sectional area that was nearly 60% larger than the hamstring tendons. While larger femoral and tibial tunnels had to be drilled to accommodate this larger graft, there was no increased incidence of physeal abnormalities in this specific patient population (boys with a bone age between 13 and 15 years and girls with a bone age between 11 and 13 years). Perhaps most importantly, the quadriceps tendon grafts had a lower failure rate than the hamstring tendon grafts (4% vs 21%, respectively; *P* = .037). This is a particularly important finding because graft failure is the most common complication in this patient population. Longer term follow-up will be necessary to assess the durability of these results as well as the risk of future posttraumatic arthritis.

As with all grafts, there are potential drawbacks of a quadriceps tendon graft that must be considered by the surgeon, patient, and family. Strength recovery of the extensor mechanism has been shown to be adversely affected by harvesting a quadriceps tendon graft, but the functional implications of this weakness are unclear.^[@bibr8-2325967119872450],[@bibr13-2325967119872450]^ However, recent data would suggest that these residual deficits largely normalize with time.^[@bibr5-2325967119872450]^ Furthermore, proponents of quadriceps tendon grafts often point to the better hamstring-to-quadriceps ratios that are observed after harvesting a quadriceps tendon graft compared with a hamstring tendon graft.^[@bibr22-2325967119872450]^ While formal strength testing was not performed as part of the current study, we have anecdotally noted an initial extensor strength deficit in patients undergoing quadriceps tendon harvest that appears to largely recover 6 to 12 months after surgery. A second potential concern with the quadriceps tendon as a graft source is that it may predispose patients to arthrofibrosis. A recent study by Huleatt et al^[@bibr12-2325967119872450]^ demonstrated that patients undergoing ACL reconstruction with a quadriceps tendon had a relative risk increase of 2.7 for requiring manipulation under anesthesia compared with other graft options. In the current study, 1 patient with a quadriceps tendon graft (4%) developed arthrofibrosis, requiring manipulation under anesthesia and lysis of adhesions, compared with no patients in the hamstring tendon group. Potential causes of this stiffness include postoperative quadriceps inhibition from tendon harvest, the quadriceps tendon being a stiffer graft, or the larger quadriceps tendon graft predisposing patients to notch impingement and loss of extension.^[@bibr12-2325967119872450]^

There are several limitations to the current study, including its nonrandomized and retrospective design. Additionally, the follow-up was relatively short. This fact may cause the study to underrepresent future failure rates, and it does not identify the rates or progression of future posttraumatic arthritis. Another limitation was that objective testing of ACL graft integrity as well as postoperative quadriceps and hamstring strength testing were not performed, which potentially would have identified more subtle differences in the 2 techniques. Finally, the sizes of the patient groups were relatively small, using 3 different surgeons with slightly different techniques, limiting our ability to identify all risk factors for failure and poor outcomes. A future prospective multicenter study with larger numbers and longer term follow-up will be necessary to validate these early findings and can account for selection, surgeon, and temporal bias.

Conclusion {#section9-2325967119872450}
==========

The majority of skeletally immature patients with complete ACL tears can be successfully managed with either a quadriceps tendon autograft or a hamstring tendon autograft in ACL reconstruction with good functional outcomes, relatively high rates of return to sport, and low rates of physeal complications. However, the quadriceps tendon autograft appears to have a lower graft failure rate in this high-risk patient population. A future multicenter prospective or randomized controlled study will be necessary to better assess these differences and to see if one graft is clearly preferable for this unique patient population.
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